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Elephant-shrews or sengis (Macroscelidea, Afrotheria) are grouped into two
subfamilies, Rhynchocyoninae with a single genus and four species, and Macro-
scelidinae represented by three genera and 13 species. Our current understanding
of the evolutionary relationships within this group is largely based on a molecular
phylogeny that suffers from incomplete species representation. We present the first
complete phylogeny (with the exception of the recently described East African
Rhynchocyon udzungwensis) for Macroscelidea based on mitochondrial and
nuclear markers. Novel cytogenetic characters as well as previously described
allozyme variation and various morphological features are evaluated and mapped
to the molecular topology. Our analyses indicate that Elephantulus is paraphyletic,
and that Petrodromus and Macroscelides should be subsumed in Elephantulus. A
relaxed Bayesian dating approach supports the hypothesis that an arid-adapted
Macroscelidinae lineage dispersed from east Africa at 11.5MYA via an African
arid corridor to south-western Africa. The timing of speciation within the east
African Rhynchocyoninae (8–10MYA) is coincidental with the diversification of
some other forest specialists. In turn, divergence within the Macroscelidinae
coincides with major aridification events across Africa.
Introduction
African elephant-shrews, with a variety of species occupying
a diversity of habitats, provide an ideal complex for the
study of speciation within a monophyletic order (Macro-
scelidea). They are mainly insectivorous, small bodied (they
range in size from100 to 300mm), and vary in weight from
25 to 700 g. The hindlimbs are much longer than the
forelimbs enabling rapid movement. It is this characteristic
that forms the root of the ordinal name, macro+
scelidea=big thigh. Elephant-shrew species that have been
studied are all socially monogamous – a rare behavioural
trait among mammals (Rathbun & Rathbun, 2006;
Rathbun, 2009).
Two extant subfamilies are recognized. The first, Macro-
scelidinae, includes the monotypic Macroscelides (a south-
western African gravel plain specialist), Petrodromus (with a
south, east and central African distribution characterized by
a wide habitat tolerance) and the polytypic Elephantulus (11
species that occupy a diverse array of habitats). Species-
specific characters within Elephantulus are generally lacking
although the constituent taxa are all distinguished from
Macroscelides and Petrodromus by the absence of specia-
lized features that characterize these monotypic genera
(Corbet & Hanks, 1968; Corbet, 1995). A second subfamily,
Rhynchocyoninae, is represented by four extant east and
central African forest species within a single genus,
Rhynchocyon. In contrast to Macroscelidea’s inclusion in
the Supercohort Afrotheria (see Springer et al., 1997;
Murphy et al., 2001; Robinson & Seiffert, 2004 among
others), relationships among species within the order have
received much less attention.
To investigate speciation and the influence of various
geographic and climatic factors on elephant-shrew diversity,
we build on an earlier phylogeny (Douady et al., 2003) by
adopting a supergene approach. In so doing we include
several Elephantulus species that have not been considered
previously in molecular-based systematic and taxonomic
revisions, and their phylogenetic placement within a phylo-
geny was consequently unknown. Additionally, the compre-
hensive species representation in the molecular analyses
permitted a rigorous assessment of Elephantulus mono-
phyly. A finding of monophyly would contradict Douady
et al. (2003) who suggested a diphyletic origin for Elephan-
tulus with Elephantulus rozeti (the only species of extant
elephant-shrews currently distributed north of the Sahara
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desert) grouping as a sister taxon to the monotypic Petro-
dromus. Cytogenetic characters (Matthey, 1954; Wenhold &
Robinson, 1987; Tolliver et al., 1989; Robinson et al., 2004;
Svartman et al., 2004; present study), information on
allozyme variability (Tolliver et al., 1989; Raman & Perrin,
1997), cranial and other morphological differences (Corbet
& Hanks, 1968; Corbet, 1995; Woodall, 1995; Panchetti
et al., 2008; Olbricht & Stanley, 2009) were mapped to the
molecular topology and examined for their support of the
retrieved evolutionary relationships.
Methods
Specimen collection, DNA extraction
and sequencing
All currently recognized elephant-shrew species, except
Rhynchocyon udzungwensis (Rovero et al., 2008) which was
not available to us, were examined to determine evolution-
ary relationships within the group (see supporting informa-
tion Table S1 for species information). We included material
from six species housed in the Natural History Museum,
London: Elephantulus fuscipes, Elephantulus revoili, Ele-
phantulus fuscus, Rhynchocyon petersi petersi, Rhynchocyon
cirnei reichardi and Rhynchocyon chrysopygus. The inclusion
of Elephantulus rupestris, Elephantulus brachyrhynchus and
Elephantulus pilicaudus (Smit et al., 2008) provides complete
taxon representation for Elephantulus. Other members of
the Afrotheria – aardvark, tenrec, rock hyrax and the
dugong – were used as outgroups of successive relatedness
to the ingroup. DNA extraction protocols, sequencing and
alignments followed Smit, Robinson & Jansen van Vuuren
(2007) and Smit et al. (2008). GenBank accession numbers
are presented in supporting information Table S1 and the
aligned sequences are available on request.
Phylogenetic analyses
Trees were built under parsimony (MP) and maximum
likelihood (ML) using PAUP (Swofford, 2001) (1000 non-
parametric bootstrap replicates estimated clade support),
and a Bayesian inference approach (BI) (2 5 106 genera-
tions) as implemented in MrBayes v3.0 (Huelsenbeck &
Ronquist, 2001). The models of evolution that best fit the
mitochondrial, nuclear and multigene datasets were deter-
mined using MODELTEST (Posada & Crandall, 2001).
Relaxed Bayesian clock
To determine whether elephant-shrews are characterized by
a constant rate of molecular evolution, likelihood trees
constructed under the assumption of a constant rate were
compared with trees that were allowed to vary using the SH
test (PAUP). Given the absence of a clock-like evolution, a
relaxed Bayesian method that allows different rates of
evolution for each independent region was applied to
estimate divergence times within the Macroscelidea using
the MULTIDIVERGENCE and PAML software (Thorne, Kishino
& Painter, 1998; Thorne & Kishino, 2002; Yang & Yoder,
2003).
A tenrec, Echinops telfairi, was included in our analysis as
outgroup taxon to the elephant-shrews (Murphy et al.,
2001). The Markov chain was sampled 10 000 times for
every 100th cycle after an initial burn-in of 100 000 cycles.
Changing the Brownian motion-constant and the rate at the
root did not significantly influence the clock, and these
values were set to the default. The prior value of expected
number of time units between the tip and the root was set to
100MY (SD=100MY). MULTIDIVTIME allows for multiple
constraints on divergence times across various nodes on the
evolutionary tree. Given the effects that different constraints
have on divergence time estimates, we compared times of
lineage separation using runs without constraints, to those
with node constraints.
Nodal constraints derived from two authorities
The first set incorporates the work carried out by Douady
et al. (2003) following Springer et al. (2003) based on a
Pauenungulate fossil calibration point (54MYA). The
Douady et al. (2003) constraints (refer to Fig. 1) apply to
nodes A: 38–48MYA, H: 9–14MYA and I: 15–21MYA.
The second set of constraints follows Tabuce et al. (2001)
based on a divergence time of 26MYA for the split
between the Rhynchocyoninae and Macroscelidinae using
palaeontological characters, and Butler (1984) who placed
the divergence time of Pronasilio (the earliest known fossil
representative of the Macroscelidinae) at the mid-Miocene.
Many fossils attributed to various elephant-shrew lineages
are dated to this period including Miosengi butleri (Macro-
scelidinae) from the early Miocene (Grossman & Holroyd,
2009). The second set of constraints was therefore placed on
node A: 23–29MYA and node D: 10–20MYA.
Cytogenetics
Cell culture
Material for cell culture was obtained from Elephantulus
edwardii (EED), E. pilicaudus (EPI), Elephantulus intufi
(EIN), Macroscelides proboscideus (MPR) and Petrodromus
tetradactylus (PTE) (supporting information Table S2). G-
and C-banding was by trypsin and barium hydroxide,
respectively, following conventional procedures.
Characterization of flow-sorts and cross-species
chromosome painting
Chromosome-specific painting probes were prepared from
flow-sorted Hoechst 33258 and chromomycin A-3-stained
chromosomes of E. edwardii (2n=26) provided by the
Cambridge Resource Centre for Comparative Genomics,
UK [the source species was initially reported as E. rupestris
(ERU) by Robinson et al., 2004 but subsequently identified
as E. edwardii on DNA sequences – see Smit et al., 2008].
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The EED chromosomes were separated by size and AT:GC
ratio. The flow-sorts were amplified by degenerate oligonu-
cleotide-primed PCR (DOP-PCR) using 6MW primers
(Telenius et al., 1992). These primary PCR products were
subsequently reamplified by DOP-PCR to make a stock
solution and labelled using biotin- or DIG-dUTP antigens
(Yang et al., 1997a,b). The assignment of each flow-sorted
peak to specific E. edwardii chromosomes was carried out by
the hybridization (painting) of each fluorescently labelled
flow-sort onto to previously G-banded metaphase spreads.
Double-colour hybridizations were used to resolve ambigu-
ities where more than one chromosome was represented in a
specific flow-sorted peak. Cross-species chromosome paint-
ing followed Yang et al. (1997a,b, 2003). Images were
captured using GENUS 3.7 system software (Applied Imaging
Corp., Newcastle, UK).
Cytogenetic, allozyme and morphological
data mapping
An approach under Occam’s razor was followed to map
phylogenetically informative cytogenetic characters to the
supermatrix-derived molecular phylogeny (supporting in-
formation Table S3). Informative morphological characters
identified from the literature and allozyme support for taxa
was also noted (see ‘Introduction’ for source references).
Results and discussion
Molecular phylogeny
The multigene supermatrix comprised 3905 bp from two
nuclear introns (VWF, IRBP) and three mtDNA gene
fragments (12S rRNA, valine tRNA, 16S rRNA). Data from
these fragments were generated for all elephant-shrew spe-
cies with the exceptions of E. fuscus, E. fuscipes, E. revoili,
R. cirnei and R. petersi (all museum specimens for which
only mitochondrial DNA sequence data could be obtained).
In the combined gene analyses, nuclear fragments were
coded as missing for these five species. The Rhynchocyon
sequence included by Douady et al. (2003) was identified
here as R. chrysopygus. Although this correction raises a
number of biogeographical issues, questions of provenance
and the lack of a voucher specimen preclude sensible
discussion thereof. A second amendment to the Douady
et al. (2003) dataset concerns the E. edwardii specimen used
Figure 1 BI tree (including branch lengths) for
the multigene supermatrix (3905 bp) (see text
for details). The majority of nodes was sup-
ported by 475% bootstrap (MP and/or ML)
and a BI posterior probability of 40.95 with
the exception of node E () (see Table 1). The
relaxed Bayesian divergence times indicated on
the tree are from the Tabuce-and-Butler time
frame (Butler, 1984; Tabuce et al., 2001) with
time constraints on nodes A and D (see text).
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by them which was identified here as the more recently
described E. pilicaudus. Consequently, sequences from a
correctly identified E. edwardii specimen were included in
our study. The models of evolution that best fit the data and
CI and RI indices (including uninformative characters) are
shown in supporting information Table S4 (a), and mito-
chondrial and nuclear sequence divergences between ele-
phant-shrew species in Table S4 (b).
Irrespective method of analysis, or whether DNA frag-
ments were considered singly or in concert, near-identical
trees were recovered indicating confidence in the evolution-
ary relationships (see Fig. 1; nodal support values are
provided in Table 1). The only taxon that could not be
placed with certainty was E. revoili and the phylogenetic
position of this species within Elephantulus thus remains
unresolved. The subfamilies Rhynchocyoninae (node B) and
Macroscelidinae (node D) were retrieved. The topology
shows a paraphyletic origin for Elephantulus as currently
defined with the placement of the monotypic Macroscelides
and Petrodromus within Elephantulus. The tree(s) support
both the sister taxon grouping of E. rozeti+Petrodromus
(node H), as well as the grouping of Macro-
scelides+Petrodromus+E. rozeti (node G), observations
that are consistent with Douady et al. (2003).
Relaxed Bayesian clock
The divergence times of posterior compared with prior runs
differed (especially in the narrower credibility interval of the
posteriors compared with the priors) indicating a clock that
is based on the data and not the priors (Hassanin &
Douzery, 1999). In addition, no difference in proportional
rates of divergences between the constrained and uncon-
strained runs was noted suggesting that the constraints did
not influence the rate of divergence/evolution estimated
within elephant-shrews. Divergence estimates based on the
Douady-and-Springer and Tabuce-and-Butler calibration
points are compared in Table 1. Those of Douady-and-
Springer are, on average, 1.5 times older than estimates
under the Tabuce-and-Butler constraints reflecting the reli-
ance of the former on a single ancient calibration point (the
divergence of the Paenungulates at 54MYA used by Spring-
er et al., 2003). It is known that a single deeper calibration
can overestimate more recent divergences (see Near &
Sanderson, 2004; Mortimer et al., 2010). We consequently
utilized the divergence estimates based on the fossil con-
straints from Tabuce-and-Butler when placing our findings
in a temporal context.
G- and C-banding
Karyotypes of E. intufi (EIN) (2n=26), M. proboscideus
(MPR) (2n=26) and P. tetradactylus (PTE) (2n=28) are
presented in Fig. 2. Those of E. edwardii (EED, 2n=26;
Robinson et al., 2004) and E. pilicaudus (EPI, 2n=26; Smit
et al., 2008) are only included in our half-karyotype compar-
isons (as shown below) given their earlier publication.
C-banding showed differences in the amount and location
of pericentromeric and interstitial heterochromatin among
species; additionally, examples of whole arm amplification
of heterochromatin were evident in E. edwardii and
E. pilicaudus (supporting information Fig. S1).
Table 1 Bootstrap support values and posterior probabilities for the multigene supermatrix tree shown in Fig. 1
Nodes
Node support Douady-and-Springera Tabuce-and-Butlerb
MP ML BI Divergence time (MYA) SD Divergence time (MYA) SD
A 100 100 1.0 42.60 2.74 26.15 1.70
B 100 100 1.0 15.34 2.87 9.73 1.81
C c 82 1.0 12.59 2.78 7.99 1.77
D 98 100 1.0 23.00 2.13 13.92 1.99
E c c c 21.20 1.78 12.78 1.96
F 81 93 1.0 19.73 1.78 11.67 1.95
G 79 98 1.0 15.78 1.34 9.11 1.71
H 97 100 1.0 12.48 1.45 7.19 1.50
I 79 100 1.0 18.00 1.68 11.09 1.86
J 88 100 1.0 15.09 1.69 9.30 1.72
K 100 100 1.0 4.34 1.31 2.74 0.97
L 100 100 1.0 9.58 1.55 5.91 1.36
M 100 100 1.0 10.12 0.56 6.70 1.49
N 100 100 1.0 4.37 0.88 2.94 0.92
O 100 100 1.0 14.54 2.88 8.85 1.99
Relaxed Bayesian divergence times with standard deviations are shown for both the Douady-and-Springer and Tabuce-and-Butler time frames
(see text).
aDouady et al. (2003) following Springer et al. (2003).
bTabuce et al. (2001) based on a divergence time of 263 MYA for the split between the Rhynchocyoninae and Macroscelidinae and Butler (1984)
who placed the divergence time of Pronasilio at the mid-Miocene (see text for details).
cBootstrap support o75% or posterior probability o0.95.
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Characterization of the flow-sorts and
cross-species chromosome painting
The flow-karyotype and characterized peaks are shown in
supporting information Fig. S2 (a). The two homologues of
EED 5 were sorted separately reflecting different amounts of
heterochromatin present in the short arms of these chromo-
somes (see Smit et al., 2008). All E. edwardii flow-sorted
probes were characterized but only a subset (corresponding
to EED 8–12 and the X) were effective in cross-species
painting (see below and supporting information Fig. S2b
for FISH examples). Distinguishing signal from background
Figure 2 G-banded karyotypes of (a) Elephantu-
lus intufi, (b) Petrodromus tetradactylus and (c)
Macroscelides proboscideus.
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using the larger chromosomal paints (corresponding to
EED 1–7) was problematic due to the large blocks of
heterochromatin in the orthologs of other species. Conse-
quently, our conclusions are based on conventional G- and
C-banding for EED 1–7 (and orthologs), and cross-species
chromosome painting for EED 8–12 (and orthologs) and
the X chromosome.
Karyotype comparisons
Supporting information Fig. S3 shows the G-band compar-
isons of the seven largest autosomal pairs (corresponding to
EED pairs 1–7) among five elephant-shrew species. Differ-
ences in the amount of heterochromatin account for the
positional changes of some orthologs. Although G-band
correspondence is tenuous in some instances, this is largely
due to differences in distribution and amount of interstitial
heterochromatin. Two euchromatic rearrangements were
identified. The first is a complex rearrangement involving a
centromeric shift in conjunction with heterochromatic am-
plification in the long arm that distinguishes EED 3 (and its
orthologs in the other species under study) from EPI 4 (see
Smit et al., 2008). Second, of the five species examined in our
study only P. tetradactylus differs in diploid number and
this thought to reflect the fission of EED 6 corresponding to
PTE 6 and PTE 13 (supporting information Fig. S3 inset).
We were unable to convincingly match the smaller chro-
mosomes among species (homologous to EED pairs 8–12)
based on G-banding. However, flow-sorted E. edwardii
paints corresponding to pairs 8–12 and the X hybridized to
metaphase chromosomes of E. pilicaudus, E. intufi, P.
tetradactylus andM. proboscideus and, in all instances, only
a single pair of signals resulted. This indicates that synteny
was maintained across species for each of these chromo-
somes and that no detectable inter-chromosomal rearrange-
ment have occurred among them since common ancestry.
Homologies detected using whole chromosome painting
probes cannot of course rule out intrachromosomal shuf-
fling (e.g. inversions and transpositions), and consequently
these data do not preclude their presence in the genomes of
these species.
Mapping of chromosomal characters
Pertinent karyotypic data from E. intufi,M. proboscideus, P.
tetradactylus, E. edwardii and E. pilicaudus (supporting
information Table S3) were mapped to the phylogenetic tree
(Fig. 3). These include the presence of three heterochromatic
bands near the distal end of the long arms of EED 2 and EPI
2 and the amplification of heterochromatin on EED 5 and
EPI 5, all of which support the sister taxon grouping of E.
edwardii+E. pilicaudus (nodeN) to the exclusion of all other
elephant-shrew species studied. The presence of a shared
2n=28 diploid number in P. tetradactylus and E. rozeti
(Matthey, 1954) most likely reflects a shared rearrangement
(i.e. orthologs of PTE 6 and PTE 13 are fused in the 2n=26
karyotypes) given the highly conserved karyotypes within
the Macroscelidinae species, and their sister relationship
based on molecular sequenced data.
Although autapomorphic changes do not constitute phy-
logenetically informative characters they are shown along
species’ branches (Fig. 3). These include: (1) the fission of
PTE 6 and PTE 13 that defines the monophyly P. tetra-
dactylus; (2) the centromeric shift and heterochromatic
amplification in the long arm of EED 3 (see Smit et al.,
2008), as well as the presence of a distal band of hetero-
chromatin in the long arm of EED 6 (supporting informa-
tion Fig. S1) lacking in other species; (3) an interstitial
heterochromatic band near the distal end of EPI 1 and EPI
4 supports the distinctness of E. pilicaudus (Smit et al.,
2008).
Allozyme data
Nei’s genetic identity values based on allozyme variation
among seven southern African species (E. edwardii, E.
brachyrhynchus, E. intufi, Elephantulus myurus, E. rupestris,
P. tetradactylus and M. proboscideus) supported a mono-
phyletic Elephantulus (37 loci from Tolliver et al., 1989 and
26 genetic loci from Raman & Perrin, 1997). The placement
of E. myurus, E. intufi and E. rupestris on allelic designations
is consistent with our molecular findings (Fig. 3 and sup-
porting information Table S3). The position of E. edwardii is
uncertain in Tolliver et al. (1989); these authors show a sister
relationship between E. edwardii and either E. myurus (on
Nei’s genetic identity values), or E. brachyrhynchus (cladistic
analyses). Similarly, the placement of E. brachyrhynchuswas
either unresolved (Nei’s D and I values), or grouped with E.
intufi+E. rupestris (Roger’s genetic distance) in Raman &
Perrin (1997).
Shape and size variation in the cranium
The shape and size of cranial bones in Rhynchocyon (en-
largement of frontal bones and reduction of nasal, premax-
illar, parietal and occipital bones) provide support to node
A – the recognition of two major clades, the Rhynchocyoni-
nae andMacroscelidinae (Fig. 3 and supporting information
Table S3; Panchetti et al., 2008). In contrast to our mole-
cular findings, but consistent with Corbet (1995) phenetic
support for a monophyletic Elephantulus, geometric mor-
phometrics of elephant-shrew cranial features do not sup-
port the inclusion of Macroscelides and Petrodromus within
Elephantulus.Macroscelides is clearly separated from Petro-
dromus and Elephantulus based on the enlarged auditory
bullae. Panchetti et al. (2008) show Petrodromus as sister to
Elephantulus. Within Elephantulus cranial features support a
sister association of E. brachyrhynchus+Elephantulus rufes-
cens (node K; dorsal and lateral shape), and E. rupestris+
E. intufi (node L; dorsal shape only) (Fig. 3). The inter-
specific relationships of E. edwardii, E. myurus, E. rozeti and
E. revoili within Elephantulus varied with respect to lateral
and dorsal comparisons (E. fuscus and E. fuscipes were not
included in the Panchetti et al., 2008 study, and E. pilicaudus
was not described at the time).
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Other morphological characters
Corbet & Hanks (1968) included the nine recognized
Elephantulus species as well as P. tetradactylus and M.
proboscideus in their assessment of phenotypic, cranial and
dental characters. The same data were re-assessed by Corbet
(1995) following a cladistic approach that included E.
fuscus, a taxon added to Elephantulus by Corbet (1974).
The characters identified by Corbet & Hanks (1968) support
several of the groupings retrieved by our molecular analysis
(see Fig. 3 and supporting information Table S3). For
example, a swollen ectotympanic bullae supports the sister
association of E. myurus+E. edwardii (node M in our
study), the presence of a lingual cusp on P1 underpins the
E. intufi+E. rupestris grouping (node L in our study), and a
twisted supratragus supports a E. fuscus+E. fuscipes group-
ing (nodeO). The phenetic results of Corbet &Hanks (1968)
are contrary with respect to the placement of M. probosci-
deus and P. tetradactylus within Elephantulus (node D),
suggesting rather a monophyletic Elephantulus. We were
able to resolve the problematic associations among E.
edwardii, E. myurus, E. rupestris, E. intufi, E. brachyr-
hynchus, E. fuscus and E. fuscipes evident in the Corbet
(1995) study. Additionally, the molecular data do not
support Corbet’s sister grouping of E. brachyrhynchus+E.
fuscus+E. fuscipes (presence of third molar M3). Lastly, the
inclusion of E. rozeti (I2 with posterior cusp) within a
monophyletic Elephantulus, and the sister taxon grouping
of E. revoili+E. rufescens (hairy rhinarium, sternal gland) in
the cladogram (Corbet, 1995), were not supported by the
molecular findings reported herein.
Penis morphology (Woodall, 1995) underpins the
Rhynchocyoninae/Macroscelidinae division (node A; Fig.
3). Informative characters include: (1) the location of
connective tissue in the body of the penis in Rhynchocyoni-
nae in comparison to the more vascular condition in
Macroscelidinae (represented in the study by E. edwardii,
E. brachyrhynchus, E. intufi, E. myurus, E. rupestris,
Figure 3 Non-molecular character support mapped to the molecular topology. Synapomorphic (I–III) and autapomorphic (i–v) cytogenetic
characters (described in supporting information Table S3) in grey blocks as well as known diploid numbers are indicated. Morphological, dental
or anatomical support (Corbet, 1995) is shown as filled circles, that from allozymes (Tolliver et al., 1989; Raman & Perrin, 1997) as filled squares,
cranial support (Panchetti et al., 2008) as filled diamonds and support from penis morphology (Woodall, 1995) as filled triangles (see supporting
information Table 3).
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E. rozeti, P. tetradactylus andM. proboscideus); (2) the tip of
the penis which is spatulate in Rhynchocyoninae; (3) the
presence of a small urethral process and a row of spines on
the glans penis not found in the Macroscelidinae.
Within the Macroscelidinae, the penis morphology of
E. rozeti and Petrodromus is similar (two lateral lobes and a
narrowing distal spear-like tip) underpinning the molecular
grouping of these taxa (node H, Fig. 3; see also Douady
et al., 2003). Similarly, nipples on Petrodromus and E. rozeti
males (and not in other species studied) supports the sister
status of these taxa (Olbricht & Stanley, 2009). Penis
position relative to the length and circumference of the body
provides a useful distinction between Petrodromus and
Macroscelides but not between other genera (Olbricht &
Stanley, 2009).
Systematics and evolutionary biogeography
Although published divergence times for Macroscelidea are
reasonably robust (Douady et al., 2003; Springer et al.,
2003), the Tabuce-and-Butler time-frame followed here is
considered to be more accurate given its reliance on ele-
phant-shrew fossils. These data suggest that the ancestral
elephant-shrew lineage gave rise to two daughter lineages in
east Africa 26MYA. The first, adapted to a forest habitat
(Rhynchocyoninae), is predominantly an east and central
Africa clade. The second (Macroscelidinae), with a largely
east and southern African distribution, comprises both open
savanna grassland (open bush dominated habitats) and arid
habitat specialists (sparsely vegetated with relatively open
substrates; see Rathbun, 2009 for a more detailed account of
elephant-shrew habitat preference). Within the forest-
adapted Rhynchocyoninae, speciation events are complex
although this is perhaps not surprisingly given the large
geographic area and wide diversity of habitats occupied by
member species. Fragmentation and disruption of gene flow
resulting from aridification that impacted forest biomes
during the late Miocene (e.g. Hamilton, 1982; Boaz, 1985;
Lovett, 1993) may, in part, have driven morphological
differences among groups (Rathbun, 2009). The timing of
speciation within this latter group (8–10MYA by our
analysis) is coincidental with speciation events in some other
forest specialists (see e.g. Vrba, 1985; Jansen van Vuuren &
Robinson, 2001; Brandl et al., 2007; Moodley & Bruford,
2007).
In contrast to the forest-adapted group, aridification
most likely simply resulted in shifts and expansions of the
Macroscelidinae species’ ranges (Bobe, 2006). Climatic per-
turbations gave rise to arid corridors that connected the
Horn of Africa, via the mountains of eastern Africa, to the
Namib desert in south-western Africa (Bobe, 2006; Wilfert
et al., 2006; Jürgens, 2007). This permeability resulted in
repeated faunal exchanges between eastern and south-wes-
tern Africa (e.g. Balinsky, 1962; Clancey, 1986; Coe &
Skinner, 1993; Simmons et al., 1998; Barnes, 2000; Herron,
Waterman & Parkinson, 2005; Simmons, du Plessis &
Hedderson, 2005) hypothesized to facilitate the expansion
of east African savanna and arid-adapted elephant-shrews
into southern Africa. Our suggestion of a likely dispersal
event from eastern Africa to south-western Africa at
11.5MYA (giving rise to M. proboscideus, E. intufi,
E. rupestris, E. myurus, E. edwardii and E. pilicaudus in
southern Africa) bears testimony to this (Fig. 1). The current
distribution of E. brachyrhynchus (mainly a savanna species)
closely tracks these arid corridors, as do a number of plant
species (Coleman et al., 2003 and references therein).
At a finer scale, speciation within the southern Africa
Elephantulus is coincidental with aridification and the in-
crease in C4 grasslands of the Late Miocene at 6MYA.
This pattern was repeated at 3MYA in the Pliocene, and
again at 2MYA in the Plio-Pleistocene (deMenocal, 1995;
deMenocal, 2004; Bobe, 2006; Ségalen et al., 2006; Se-
pulchre et al., 2006; Smit et al., 2007). Evolution within
this clade (E. intufi, E. rupestris, E. myurus, E. edwardii,
E. pilicaudus) appears closely linked to adaptation in rocky
areas and arid habitats.
Dispersal of E. rozeti
Douady et al. (2003) dated the P. tetradactylus+E. rozeti
divergence at 11.2MYA and suggested that the formation
of the Sahara desert played an important role in their
divergence. This was posed as an alternative to the dispersal
hypothesis suggested by Corbet & Hanks (1968) who pre-
dicted a rozeti origin from an eastern species of Elephantulus
that tracked the Nile valley. Based on the Tabuce-and-
Butler time frame, however, P. tetradactylus+E. rozeti
divergence at 7.2MYA which is chronologically closer to
the displacement of the North African desert zone north-
wards (between 7 and 8MYA). As a consequence, central
and eastern North Africa changed from dry to seasonally
humid with the formation of an evaporitic couplet in the
Gulf of Suez/Red Sea (Griffin, 2002). This environmental
shift supports the dispersal hypothesis (following Corbet &
Hanks, 1968) and the formation of a corridor through a
humid north-eastern Africa, to north-western Africa. Sub-
sequent climatic and biogeographical changes, substan-
tiated by pollen data, show that increasing aridity of the
Sahara (at 3–2MYA; Dupont & Leroy, 1995) could have led
to the isolation of E. rozeti in north-western Africa.
Conclusion
This comprehensive dataset clarifies some of the more
intractable elephant-shrew relationships and, in so doing,
expands on the seminal work of Corbet & Hanks (1968),
Corbet (1995) and more recently Douady et al. (2003).
Using a supermatrix comprising 3905 bp from three mito-
chondrial (12S rRNA, valine tRNA, 16S rRNA) and two
nuclear gene fragments (vWF, IRBP) we retrieve: (1) a
monophyletic Rhynchocyoninae and Macroscelidinae; (2) a
sister taxon grouping of E. rozeti+Petrodromus, and also of
Macroscelides+Petrodromus+E. rozeti – observations that
are consistent with Douady et al. (2003). The only taxon
that could not be placed with confidence in our supermatrix
analysis was E. revoili. Novel cytogenetic and published
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allozyme and morphological features (cranial, dental and
soft anatomical differences) detected among species were
mapped to the molecular topology and these underpin many
of the major groupings detected by the sequence-based
analyses. Importantly, the multi-character approach under-
scores previous suggestions by Douady et al. (2003) that
Elephantulus, as currently described, is not monophyletic,
and that there are grounds for subsuming Petrodromus and
Macroscelides in Elephantulus (Elephantulus currently in-
cludes 11 of the 13 species recognized within the Macro-
scelidinae). The data suggest that an arid-adapted
Macroscelidinae lineage dispersed from east Africa at
11.5MYA via an African arid corridor to south-western
Africa, and that speciation of the east African Rhynchocyo-
ninae (8–10MYA) is coincidental with the diversification of
some forest specialists. The advances provided by our study
contribute to the growing body of information on Afrother-
ia in general, and Macroscelidae in particular, and hold
implications for the taxonomy and conservation of species
of this enigmatic mammalian order.
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Z. Säugetierk. 62, 108–116.
Rathbun, G.B. (2009). Why is there discordant diversity in
sengi (Mammalia: Afrotheria: Macroscelidea) taxonomy
and ecology? Afr. J. Ecol. 47, 1–13.
Rathbun, G.B. & Rathbun, C.D. (2006). Social structure of
the bushveld sengi (Elephantulus intufi) in Namibia and the
evolution of monogamy in the Macroscelidea. J. Zool.
(Lond.) 269, 391–399.
Robinson, T.J., Fu, B., Ferguson-Smith, M.A. & Yang, F.
(2004). Cross-species chromosome painting in the golden
mole and elephant-shrew: support for the mammalian
clades Afrotheria and Afroinsectiphillia but not Afroinsec-
tivora. Proc. Roy. Soc. Lond. Ser. B 271, 1477–1484.
Robinson, T.J. & Seiffert, E. (2004). Afrotherian origins and
interrelationships: new views and future prospects. Curr.
Top. Dev. Biol. 63, 37–60.
Rovero, F., Rathbun, G.B., Perkin, A., Jones, T., Ribble, D.,
Leonard, C., Mwakisoma, R.R. & Doggart, N. (2008). A
new species of giant sengi or elephant-shrew (genus
Rhynchocyon) highlights the exceptional biodiversity of the
Udzungwa Mountains of Tanzania. J. Zool. (Lond.) 274,
126–133.
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Figure S3. Half-karyotype G-band comparisons of
autosomal pairs 1–7 between E. edwardii EED, E. pilicaudus
EPI, E. intufi EIN, P. tetradactylus PTE and M. probosci-
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